Epithelial cell infection by Shigella flexneri 2a was studied in an in vitro model system. Using the Henle 407 human intestinal epithelial cell line as host cells, a standardized experimental protocol which allowed quantitative measurement of infection was developed. Intracellular residence of infecting organisms was confirmed by indirect fluorescent-antibody staining of unfixed and methanol-fixed (Henle 407 ) cells and by quantitative bacteriological culture of disrupted host cells after infection. The process of shigella entry into cells was evaluated by chemical or physical modulation of the bacterium under controlled experimental conditions. Shigellae were subjected to mild heat, ultraviolet radiation, aminoglycoside antibiotics, and immunoglobulins raised against S. flexneri 2a. The data show that heat-stable antigens on the bacterial surface are not solely responsible for infectivity of S. flexneri 2a. Furthermore, it was shown that physiological and synthetic functions of shigellae are required for entry into host cells.
An essential feature of bacillary dysentery (shigellosis) in humans is the development of ulcerative lesions in the colonic mucosa; this breach in the integrity of the epithelium allows erythrocytes and inflammatory elements to reach the intestinal lumen. On the basis of results obtained in studies of (i) oral infection of rhesus monkeys and starved guinea pigs, (ii) infection of guinea pig conjunctiva (Sereney test), and (iii) in vitro infection of HeLa cells, it has been established that the critical event in the onset of overt infection is the entry ("penetration") of virulent shigellae into epithelial cells (15, 20) . This insight, gained from experiments utilizing laboratory models, has been useful in understanding the pathogenesis of bacillary dysentery in humans. The most useful experimental model developed to date for studying the pathogenesis of shigellosis employs oral infection of simian hosts. However, the complex symbiotic and antagonistic bacterial relationships in the intestinal environment of conventional animals as well as the technical difficulties inherent in manipulation of an intact animal host make this experimental system unsuitable for analysis of infection at the cellular level. For similar reasons the Sereney test and oral infection of starved guinea pigs are useful primarily as qualitative screening tests for virulence of shigella isolates.
Data which define the role of the bacterium in the entry of virulent shigella into a host cell t Present address: Walter Reed Army Institute of Research, Washington, DC 20012. are fragmentary (8, (24) (25) (26) (27) . The contribution of the host cell in the initiation of infection is unknown. The primary objective of these studies was to assess the roles of the pathogen and host cell by exploiting an in vitro cell culture model. The tissue culture system developed is amenable to precise experimental manipulation and yields data which can be quantitated accurately. An a priori assumption is that shigella infection of an epithelial-like cell in culture is analogous, at least in its fundamental aspects, to infection of an epithelial cell of the colonic mucosa. Such an assumption is supported by the fact that virulent strains of Shigella sp. capable of inducing dysentery in humans or other animals can also infect appropriate tissue culture cells; in contrast, avirulent strains do not infect these same cell lines in vitro (15, 19, 20) . These observations also suggest that bacterial virulence factors operative in vivo and in vitro are identical.
Infection of cell cultures in vitro is useful since a relatively uniform population of cells can be infected under defined conditions. This allows for selective modification of either the infectious agent or the host cell (20, (24) (25) (26) (27) and constitutes the rationale for these studies. This report describes experiments designed to assess the role of Shigella flexneri 2a in the infection of Henle 407 cell monolayers. The in vitro assay devised to quantitate shigella infection is validated. Evidence is presented suggesting that metabolic activity on the part of the infecting bacterium is a prerequisite for entry into the host cell. Specific heat-stable surface antigens unique to S. flexneri 2a are apparently not the sole factor responsible for the initiation of infection. An accompanying paper focuses on host cell participation in the infection process (10) .
MATERIALS AND METHODS
Bacterial strains and maintenance of cultures. The virulent M42-43 strain of S. flexneri 2a and the avirulent colonial variant 2457 0 were used. S. flexneri 2a M42-43, which was originally established from a monkey passage ofstrain 2457 T, causes overt bacillary dysentery when administered per os to humans (16) or to rhesus monkeys (6) . This strain also elicits a fatal enteric infection when fed to starved guinea pigs and induces keratoconjunctivitis when inoculated in the conjunctival sac of the guinea pig eye (Sereney test). Strain M42-43 also infects HeLa cells in vitro, a characteristic shared by all virulent strains of Shigella (19) . The capacity to enter and multiply within epithelial cells in vivo and in vitro is the cardinal attribute of shigella virulence (15) . The avirulent 2457 0 strain is an opaque colonial variant of the virulent 2457 T strain. This spontaneously arising mutant does not elicit pathological changes in the intestine of orally challenged guinea pigs or monkeys, does not produce ulcerative lesions of the cornea, and does not infect HeLa cells (15) . The shigella strains used in the study were kindly provided by S. Formal 5 .0 x 10' CFU/ml. Two milliliters of the bacterial suspension was placed in a 60-mm plastic tissue culture dish (Falcon Plastics) forming a shallow fluid layer. The shigellae were exposed to a UV light source (30-W General Electric Germicidal Lamp) at a distance of 60 cm. The irradiated bacteria were then added to Henle 407 monolayers and incubated in the dark for 3 h at 37°C in 5% C02-Heat inactivation of shigellae was accomplished as follows. Several 5.0-ml samples of bacterial suspensions in MEM containing 5 .0 x 107 CFU/ml were placed in a 50-ml flask and shaken in a 56°C water bath for 1, 2, or 5 min, after which the bacterial suspension was immediately cooled in an ice bath. These were added to Henle 407 monolayers following the standard infection procedure. After an apparent lag of approximately 30 min, a linear increase in the number of host cells infected was observed during a 3-h period. The initial lag probably reflects the time required for effective contact to be established between shigellae and host cell monolayer as the bacteria settle out of suspension. It is also possible that a metabolic adjustment by the pathogen to altered growth conditions is required before infection is initiated. The data in Fig. 1 The indirect fluorescent-antibody test used to differentiate intracellular and cell surface adherent bacteria is based on the fact that immunoglobulin proteins do not cross the intact plasma membrane (30) but diffuse freely into methanolfixed cells (29) Fig. 2A) . However, no cell-associated avirulent shigellae were observed in the methanol-fixed preparations (Fig. 2B) . Thus, by the criterion of the test, all cell-associated avirulent shigellae were scored as extracellular. Furthermore, it should be noted that adherent shigellae were totally removed by fixation in methanol. Figure  3A shows that when cell monolayers were exposed to virulent S. flexneri 2a M42-43, 37% of the unfixed cells exhibited some degree of association with bacteria. In contrast to avirulent shigella, however, after methanol fixation a significant proportion of host cells was found to be heavily infected (Fig. 3B) . Most shigellae associated with methanol-fixed host cells were in fact intracellular since heavily infected cells (6,g., cells with greater than five associated bacteria) were not stained by the fluorescent dye in the unfixed monolayers (Fig. 3A) . Data verifying the intracellular location of virulent shigellae were also obtained by enumeration of viable bacteria in disrupted Henle 407 cells after incubation with bactericidal levels of kanamycin. Aminoglycoside antibiotics are rapidly bactericidal for Shigella species but, because they are not freely diffusible across hydrophobic plasma membranes of mammalian cells (18) , are relatively ineffective against intracellular bacteria (23) . Kanamycin is bactericidal for S. flexneri 2a M42-43 at a concentration of 16.5 ,ug/ml since a reduction in viability of more than 99.99% is achieved within 3 h (Table 2) . Therefore, kanamycin was used to eliminate adherent shigellae in the experiment shown in Fig. 4 . After a 3-h exposure to either the virulent M42-43 or the avirulent 2457 0 strain, approximately 1.0 x 10 CFU/35-mm culture dish were recovered from disrupted cell monolayers. In the latter instance, however, less than 0.01% of the avirulent shigellae survived a subsequent 6-h exposure to kanamycin, showing that the cell-associated avirulent organisms recovered from the washed cell monolayers were adherent to cell surfaces. In contrast, the total number of recoverable virulent shigellae increased after 6 and 21 h of exposure to kanamycin. Therefore, it can be concluded that the virulent shigellae were protected from kanamycin in the extracellular medium and that these bacteria survived and multiplied within the cytoplasm of the cell. These conclusions were substantiated further by the microscopic evaluation of stained methanolfixed monolayers (Fig. 4) VOL. 24, 1979 on October 26, 2017 by guest http://iai.asm.org/ Downloaded from ment (Table 1) is reinforced by the observation that bactericidal levels of kanamycin quickly ablate the infectivity of S. flexneri.
RESULTS

Infection of
Consequence of antishigella antibody on infectivity. Cultures of virulent shigella were suspended in MEM containing rabbit antibody specific for heat-stable bacterial antigens. The bacterial suspensions were applied to monolayers of Henle 407 cells -as in the standard infection assay. Viable plate counts of disrupted monolayers were performed after the 3-h infection period and also after the cell monolayers had been exposed to kanamycin for 6 to 21 h. Cell monolayers infected with virulent shigella not treated with specific antiserum were included in this experiment to establish control infection levels. Figure 5 shows that antibody slightly enhanced rather than diminished the infection of epithelial cells by virulent S. flexneri 2a M42-43. Furthermore, antibody did not affect subsequent intracellular multiplication of shigellae. Although antiserum prepared against the M42-43 strain of S. flexneri 2a is cross-reactive with the avirulent 2457 0 mutant (15) , the data show also that specific antishigella immunoglobulin G had no positive effect on the infectivity of the avirulent strain. With or without antibody, strain 2457 0 is completely noninfectious in the Henle 407 cell assay. The fact that antibody has no negative effect on the infectivity of S. flexneri 2a was also verified by microscopic evaluation of infection. In the presence or absence of antibody, approximately 1.0 x 10' Henle 407 cells per culture dish were infected by strain M42-43. In contrast, infected cells were never observed in Giemsa-stained preparations exposed to the avirulent 2457 0 strain.
DISCUSSION
Entry of bacteria into the cells of the intestinal mucosa is the key event in the pathogenesis of shigellosis. The capacity to invade intestinal epithelium has become the hallmark of virulent shigellae since this characteristic is an absolute requirement for induction of clinical disease (15) . Therefore, ascertaining the mechanism by which Shigella spp. gain entry into host cells is of pivotal importance and provided the rationale for initiating these studies.
Tissue cultures as host cells for study of shigella infection have been used with success by Gerber and Watkins (9) We conclude from these data that virulent shigellae must participate in the infection process in an active fashion, perhaps analogous to rickettsial infection of cultured mouse fibroblasts (31) . It should be noted that although bacterial surface properties are not exclusively responsible for infectivity, our data may reflect interrelated virulence factors involving both heat-labile surface components and ongoing metabolic processes. Data presented here and in the following communication (10) suggest that infection of Henle 407 cell monolayers by S. flexneri 2a involves induced phagocytosis linked VOL. 24, 1979 on October 26, 2017 by guest http://iai.asm.org/ Downloaded from to the metabolic activity of virulent shigellae. It appears that shigellae in close apposition to the host cell membrane provide a stimulus initiating membrane activity and subsequent phagocytosis of bacteria.
